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Self-Focusing in SE‘6
J. R. Ackerhalt and H. W. Galbraith

Theoretical Division, Los Alamos Jational Laboratory
Los Alamos, New Mexico 87545

Abstract

We show by explicit calculation of our previously published quasicontinuum model that
the molecular susceptibility rapidly aporoaches zero as higher excited states of the mole-
cule become pooulated. Hencue the overtones of the v.-pumned mode are totally responsible
for the self tocusing effects in SF_. We explicitly calculate the v. ladder contribution
to the susceotibijility. Our vibratignal model 1s a classical triply Aeqenetate anharmonic
oscillator in the Cartecsian basis with the anharmonicity parameters chosen to be consiistent
with the latest spectroscopic analysis of the 3v, overtone spvectrum. The rotational struc-
ture is reprasentad by a distribution of these 03c111ntors where the distribution is chosen
to correspond to the snectrum of tha v, fundamental. We find good agreemnt with the 3007
in self-focusing data of Nowak and Ham at Co2 P(28), P(20) and P(10) in SFS'

I. Va~ladder contribution

Nowax and {lam' have recently report.d strona self-focusing and self-defocusingy in SF
vapor. Their data are in agreement with previous measuremants,” but Are consliderably mgre
detailed. Nualizatively, their data show focusing on the blue side of the 300° K \,absorp-
ticn foatura and Jefacusinag on the red side. However, 13 the laser power is increa.cd at
P(20) (a red side curvn which shows defocusina at low power) they begin to observe focusing.
The transition occurs in tha regien 10 "-10 'J/cm®. This observatlon is presumably due to
the anharmonic red-shi1ft of tha higher vibrational resonances, i.e., as the power is in-
crecasod and the excitation moves higher in the moleculs the ibsorotion featurc shifts toward
the red auch that the P(20) laser line changes (ts location “rom the red to the blue side of
the absorption feature.'

In section II we show that the quasicontinuum region of large polyatomic moleculus cannot
be respoasibilo for self-focusing due to its lnherent broad rnsonant chaructoer. Therofore,
we caleulate the :, ladder contributicn =o the auscantibility {n SF6 and show that it ac-
counts for all the dbservations of llowak and Ham.'

Oour model of the vibrasional atructure of the v, ladder ln SF, Ils a triplv degencrate an-
har=»nnis nactllarar with the Hamiltonian expressedin the Cartol?an basia. We choosce thia
bas1s becaus it allows a phyalcal nicturm of the molecule, i1nd because Lt gives a qood des-
criptina Af =he moluacular 3nerqy lewaly in agroement with the latest apectroncoerpy and
anai-uis of the 3,0 avertone in SF_.' We assurme the predominant offect of rotations is to
introduce an inhomoucencnus dephasing on tha vibrational spoczrum. Therafnre, the total ro-
sponu: af the molecule to the field is calculated by summing the vibrational response for
each ratatinnal line in the enclce 370° ¢ spectrum nf the v, fundamantal at low nowor
weigqhtod by the relative intensity of the line. The area uﬂdcr the curve is normalized to
unity Since the affact of hotbanda is ro (ntroduce new v, ground states, we do not Jdiastin-
guish their contributicr to the abanrrncion orofily as all "Jround” 1tates contribute ogually.

The vibratinanal Hamiltonian in tha Cartusawn bmiy {9
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whers the narametern .'<” and 'l‘” are detarmined Trom Table 11 of Patterson, Krohn and Pine’
to be
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33 = - 31025 cm (2b)

T

The unporturbed resonant frequency of the oscillator is w,. The laser amplitude and fre-
quency arc E; and ., respectively. The charge, e, and mags, m, will not appear in our
final results and are removed using the relation :

nzh/4uzw°m =1 : : - (3)
where u i3 the trarsition dipole moment equal to 0.4 Debye."

The equation of motion for the ith Cartesian coordinate is calculated from (1) in the
usual way:

2
- . 4mw
2 0 2
x; + ZYKL * woXy * (xJJ-s'r ) --h——(§ xj) Xy

-2 :
+ 40T,, + X E1 cos wt , (4)

wherc wa have introduced a1 small decay nparametcer, Y, so that the susceptibility doe2s not be-
come lnfinite on resonance. 8Slnce self-focusing affects are due to the part of the suscep-
tibillty which ia oroportionalto tha driving field at frequency <, we look for a solution
for X, of the form

. - L lut v ~lut ' (s
Xy 2("i.“ *Ce )

whera a conplete olution for Xy would contain all harmonic frequencies. We can neglact
their ontributian in (5) aincoe“the harmonic coefficients hava rosonant denominators which
are larva nnly Lln he region of the harmonic resonance. The validity of using (5) and drop-
ping all harmenic terms has been expllcitly checked by exact integration for a aingle anhar-
monic oucillatar,®

Aftor substituting (5) into {4) and neglecting the highor harmonic tarms wa obtain the
equatinna for cach Cartasian coafficicnt:

nw . mw N
[""“ $xgyoatyy 0 T leyi? v asmy, 'ﬁ_olcllz]:i.
p

mw
- 0 ha. | e
+ (X3-6T34) 3, ’z (cy) e, Inig £y (6)

whore we have agaunod  wba tzuo and A =w.=-u, We have found that if the fleld is oriunted
alo:ir 1n awrbitrary dlreut?on in the molscula. then the polarization is along some other di-
ractinn whera the auascentiblility ls computed from tho projection of the coordinate 1ilong tho
directlon of the ficld. Nowever, Lf the fleld I8 orlentod alonn 1 aymmetry axle of the
molecul:', tFren “hn npolarization ia only alona that axls. The zolurion o% (6) in this casa
is canily oktained for thoe voordlnate and therorfore tor the suscontibiltiy and ie a genor-
alisacion ol the roault for a dimplo anharmonic oscillator:

2
Va 1
T e ['.»i!"-n.:'”'.'r'-TI'] n

2
9o - - 4 _— (8)
(;0(].1)311J)‘0H

whirrsr . 14 the tabr Freequency, 3,0 1a the anharmoncity of the vacil lator along a avmmoerrey
asa oand Yo the moloacular dnnnfay. e variible 9 1a evaluatoid from (8), ind the golution
anbatirurad it (1) iy vy el aseontibhi ity Tho value of 2.0 1lona each the avmmotry

AT. 2
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Flqurae 1. Synthegrend FT-IR scan nf ab-

%207

8
Iy3 " X33- 3 T3y = - .87 (92)
Iy3 = Tgy = = 1.39 (9b)
Xy, + 4T, = - 2.94 o . (%¢)

wherc thcse symmetry axla oscillators can be isolated ‘n Fig. 15 of Ref. 3 and shown to be
a gnod reprosentation of the vibrational structure of SF, molacule. It is interesting to
notice thu strucz=ura of (7) with respacrt te ehe varlablae Q as defined ia (B). As <he
laser power increoases in (8), Q increasaes in a nonlinear fashion with a magnitude deter=-
nined by the anharmonicity. Since 2 is negatlve, the resonance character in (7) is
shifted toward the red with increasiga pover. This juantitativa result is {n agraement
with the qualitative discussion given in the introduction. We should also nota that the
guscoptibility calculated here and that for a two-level model® are markedly different in
this resapact.

The rotational structure for this calculation is represented by an inhomogeneous broad-
enine of the vibratinnal molecule. We, thercfore, calculate the total susceptibility of
the “3 absorption band by summing a collection of vibrational moleculus of different havr-
monic_irequencies and band strengths chosen according to the 300° K v, absmorption spec-
trum, "’ Our aynthesis of the spectrum is shown Iln Fig. 1. The only iree parameter in
this wori i3 y which we have chosan to give the corrzct crosa section va. fluencg depan-
dence shown in Fig. 2 at sevaral frequencies.’® Since “he band i3 roughly 20 cm’ ' wide,
the calculated susceptibility is independent of this one free parametar.

80 In Fig. 3} wa show the calculated suscapti-
bility va. fluence at seavaral frenuencics
studied by JNowak and ilam.!' Our calculations
are inherontly intensity depandent such that
tha flucnces ugsad in the figurcs are computed
from intensitica assuming a 1.6 na 3quara
pulse, i.e. 10 - J/cm® & 6.25 “W/cm’. While
20 |- a precisu comparison of the suaceptibility
curves with the data can only be mada aftor
performina a two dimensional gropuaaation
calculation based on Flgurci 2 and 1, we €aul
20 |- tha qualltative agrecement .s axcullent and
worth; of pcedontation in this preliminary
form. Wa lnteroret the suscoptlbillty curves
p, o asnuming a posltive (negative) sloape impliaed
/ focusing (dufocuuing).*’? We find a gradual
Rl defocuuswng at C0, P(2R), a red side curve in
N the reqion wherno®the data oxigts, L.e. E
S T S S SN VEN SR S N 1 J/em . At CO, P(20) wea obspuve a tranut-
S0 BIB0 MO0 WIZ0 W40 M80 WMBY W00 ™o o tion from deforﬂulnq to_focusing Ln the re-
glon betwacn 1u~fand 10°' J/cm’. We find the
FREQUENCY (cin Y) strongost "ocuning offuct at CO, P(1l6) at
" the D-branch of the low fluence“abaorvtion
faezture (not snown). At P(10) we Eind a
continuous trend 1lways towards a focusina
effect. Our rosults sre qualitatieely in
good rreement with the Newak and I data, 't

40

sorntinn croas anctinn va, fra-
quoncy for SFG at 100° K.

Bewev e, vn 10 Fipd Bhat Hhia seseosntibhi L e
functien alwavy aives v alinhtly Gilgher bower Ehan the gbaoresd dara o dee the jame nf-
foor, ' We oxpecl thun dunerepanes betwesn the suscentibilisy curvea il the daea sinee
aLsorntaien in the winat of rhe beam, has not been taken into account in nlotting the data,
Loos beem radiug w0 Claenee at a fixed ponitiowed doetector, always will ahow o "focusing”

atfect it lower laner intennition,
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Figur> 2. Crosa scction va. fluence for Figura 1. Roal par't of the suscoptibilicy vs.

four CO., lasar fraquencias P(10),

P(16), P(20), and P(28).

The

parawe_or v is f£it from P(20)
data, 7=0.0989 cm '._ Tho chanuo
in slopn above 5x10 °J/cm” re-
sults frem the QC not bolng in-
cluded in the calculation.

fluence for threw CO, lasaor f‘ra-
quencias P(10), P{207, and P(28).
Tho density for all thrce curveso
has beon fixed st 19'%/cc sinco it
only results in a syacematl:=s 3hailfz
of the vurvas. However, the data
of Ham and Nowak werwa actually
taken at three diffeoront presauraa
in the range 0.3-1 torr.

II._ _Quasicontinuum contribution

Our madel af ther molecular quasicontinuum is charactoerlied by rapid intramolecular
V=V ralaxation, leadlnag =he Porml Goldnn Rulo wid:ths of the laser pumped lovels and stacis-
tical muilibration of oxcltod populationo on a timoocalo short comparnd with Molocular
pumrnineg r1. 2. Tha modnl wag zalibrated 1qalnsc ahgorption data takan by Deutsch'! and
for luasor nownra beolow or oqual to 100 'W/cm’ tha statistical aquilibration hypothcsis was
founl to ba self con:siatont.

Conaldur a molocular oxcltatlon at enerqy nv,. Wa donote the dwjenorate manifolds at
nvy by thoir Jsy=contant and connidnr tho V-V rnﬂun to counl:: .»nly atates diffaoring in
va=by ane quanaun. Dloch ocquations dnueribing the abnorptinn and llsporaion far a laser
t!a?ultlnn from tho kth (vl-contunt) manirold of nvy to tha (kr1)th manifold at |n+l)v3
arv''

ak(n) - Ak(n)vk(n) - Vk(“,"h(“’ (10)

Gk(u) s d (i () - (v, (n) &+ 2y (ndwy (n) (399

with .._‘tnl e Jdotuniag and " the V-V pelaxation rabe,

-
nend - 2eat i (n) D L Un) e D i D, el (M

In S J1MY 0o rne mhaiemonie conoboe oaud 0, (n) oare the guislonma g ees of gt ated havin
Woonergy . 1t the moloeals, and an e, (11 () dw thes v f wmpren 0 Rabi numo i
A Ve L, U el Trem the nonilar ten chatripdation 1w Fhe agven
e Chee statabaieal o hiheation hepor pes

Ry ,
aplenety,
Lasior avenanr vy
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w (n) = (D, (n+1)/D(n+1))P ., = (D (n)/D(n)IP, (13)

where D(n) is the total molecular denaity of states. 7Tor intenaities less than 100 MW/cm?
wa hove found that V-V relaxation dominates the laser pumping and we have constructed the
absorption cross sections from v, (n), Eg. (11), in steady state.!® The molecular suscepti-
bility for this transition ims goEten, correspondingly from the steady state solution for

uk(n):

w(m) = = [ (3, (/a3 + v2m)Iw (), S (14)
and

X (m) = (3 (n)/edu (). (15)

Here V is the density of molecules {(10''/cm? at 0.28 torr and 300" K, used in our calcula-
tions) and Lt is tha laser alectric field amplitude. Note that 3, is linear In £ ao that

the only field Jdesendence in . (n) 1s from the w, (n), i.e. the Lﬁclted state populations.
The total QC guacentibility 1s slmoly the sum of the |, (n) ovar all QC states. Flig. 4 shows
the cotual QAC suscentibility as a funceion nf laser pow r up to 20 W/cm® at a frequency of
944 cm ' corresponding to coz-p(zo)

Population distributions at the various
laser powers were found from our previous

) -T modeling offarts.'' We see in the figure a
rapid falloff in y with increcased laser power.
The reason for thls is uimply the fact that
as the anergy increcascs, the widths v, (n)
dominate detuning: and the gartial achapti-
bilitlies, x.(n), uccrease as 1/v,(n). The
dramatic EaEloff o. tha total sudceptiblllity
. with incrcasing laser intensity is due to the
107 increasing population of high n-states. How-
evar, the absolutue value of the rata of
changn ta still far to small to contribute.
The ohsorption term cf Eq. (1l1), (n), does
not falloff however asince it i3 L=Ented to
u, (n) by (v, (n)/%, . (n)), 2 larje Eactor ‘for
mBut QU atates, nnce, our nrovious model
glves a pictur~ of broadennd QC-dtates lead-
1nﬂ the dramatic decrease i{n polarlz=uation,

(n), while the absorption ln goon to in-
c ease approximately Lllinearly'? (higyh 2C).

TOAL SUSIEPTIBILITY OF QUASICONTINJLM

w"o —_—— el
10 20
Even though thils result was arrivad at on
POWER (MW/cm?) the basls on a partlcular model of the molec-
ular quanicontinuum, we fecl that it will be
Flguro 4. Mulucular sseopeibitity from shown to L A property of all modely featur-
the quaniconrtinuum molel or Ref. iny ntrong V-V rclaxation and resonant ab-
10, . }nwnr nowaor, Ln?nr line soration. TIu SF there are only two modus,
is COEIIJO) wmd SF. das is at and v, which Jnrl" a dipole moment and can
0. Yorr ar 140" N, Quasieon- tﬂurnfnr- leaed ko mngrn.onplv polarization.
tinvam contribasjone are mach Intramolecular V=Y rolaxation, i ataritiaeal,
gmill r “han |F-11dl r vontr:- will moann a rani:l Llow of the oxda tat:cn into
butio: n nellf-focusing powere backaraound mades which in general will e
roemion, ad'l e the polarization, but instowl Joad Lo

dilutton of the guaeeptibility,  Wa oxpoet
that moloeulen with large densittics of getatas and counlinan into thone densiticos @dill thow
dim|u||n-l Gelt Yoo of Dneta, The offect ahould be entvirely abuaept in a molecule ke
5. J‘ whit s ig thermally an Lta ¢ at room temporature. " Purthermore in two color mulei-
llh" n "’ﬂ"‘rl"-'l"- tf the Flrat laacr 4y nowertul onough to nut all the molecules into
the O, faen we wonhd wxpect to nbaerve only weak focuusing or delocuging ol fecta ot the
wecon:d llwnr.

Wo o would e b acknowledae manet aluable disecuamion with ), P hadd, T L. Lyman,
Joosab b s, Y Caydam, 3, Feldman, B, Fraher, Ho Kaennt, B Hellor, and P 'L dobeer.
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